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@ Charge-pump circuit for a phase-locked loop.

@ The present invention discloses a low order charge-
pump filter operable with a single variable current source. The
integrating capacitor of the charge-pump is connected in an
H-bridge switching configuration with four switches that are
operable to control the current source to supply current to a
first node of the capacitor or to a second node of the
capacitor or to bypass a capacitor, depending on the state of
operation of the charge-pump. The charge-pump filter dis-
closed is particularly useful for providing the low order re-
sponse for a phase detector in a phase-locked loop.
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CHARGE PUMP FILTERS

The present invention relates to charge-pump filters for
converting timed-logic events into an analog signal for use
in contral circuitry, such as phase-locked loops.

In the processing of information generally, it is often
necessary to compare two different signals to accomplish a
variety of purposes. The comparison may result in the
generation of an error signal representing the difference
between the two signals. Circuitry may then respond 1o the
error signal to minimize this difference between the two
signals or perform some other function based on this dif-
- ference.

For example, a phase detector is conventionally used
to detect-the difference in phase between two signals. The
phase detector may be used in a phase-locked loop that,
among other components, includes a voltage conirolled
oscillator (VCO) whose output is a reference frequency
signal having a frequency determined by an input control
signal. The phase detector receives a stream of data pulse
signals, together with the reference frequency signal, which
is fed back from the VCO. Any difference in phase between
a data pulse signal and the reference frequency signal
results in the generation of a phase error signal that is
fittered and then used to control the VCO in order to lock
the reference frequency signal in phase with the sfream of
data pulse signals.

Phase-locked loops often incorporate digital or sequen-

" tial logic phase detectors that generate digital signals cor-
responding fo the difference in phase between the reference
frequency signal and the data pulse signal. The digital
output from the digital phase detectors typically must be
converted to an analog signal for controlling the VCO.
Thus, a charge-pump may accompany the digital phase
detector to convert the logic states of the phase detector
into analog signals suitable for controlling the VCO. A
theoretical discussion of prior art charge-pumps can be
found in Floyd M. Gardner, "Charge-pump Phase-lock
Loops”, IEEE TRANSACTIONS ON COMMUNICATIONS,
Volume COM-28, Number 11, Nov. 1988. Gardner dis-
cusses the operation of charge-pump filters in the phase-
locked loop environment. N

One problem with prior art charge-pump filters resides
in the necessily to include at least two current sources, one
to charge up the capacitor in the charge-pump, and one to
pull down the charge in the capacitor. Both of the current
sources are required to match identically in order to avoid
drift in the charge-pump and the introduction of other errors
because of unbalanced charge up and charge down. This
problem is particularly acute in the implementation of a low
order filter for a phase-locked loop. The very low integration
rates involved in low order charge pumps can be interfered
with by mis-matched cumrent sources.

In addition, prior art filters have been designed with a
set bandwidth. However, for many applications, a variabie
bandwidth charge-pump filter is desirable.

When used as a phase detector, a difficulty arises in
the prior art for many types of data pulse streams, such as
MFM disk data, in which for a given period of the reference
fitquency signal from the VCO, no data pulse signals will
occur. These missing data pulse signals can cause the
phase detector to malfunction.

A prior’ approach to preventing malfunction due to
missing data pulse signals is to arm the phase detector only
if a data pulse signal occurs and to disarm the phase

_detector if a data pulse signal does not occur during the bit
time. This technique uses a time delay device which re-
ceives in real time the siream of data pulse signals and

70

15

20

25

30

35

50

&5

60

65

outputs-to the phase detector delayed data pulse signals
which are to be compared to the reference frequency signal
of the VCO. The phase detector also receives in real time
the stream of data pulse signals for arming purposes.

Thus, in operation, the data pulse stream is fed 1o the
input of the time delay device as well as to the phase
detector. If a data pulse signal occurs, the phase detector is
armed and then, a short time later, receives the same, but
delayed, data pulse signal which had been delayed by the
time delay device. This delayed data pulse signal is then
compared with the reference frequency signal to produce
the phase emor signal. However, if no data pulse signal
oceurs during the bit time, the phase detector is not armed,
so that it does not operate for phase detection purposes.

One problem with the prior solution is the requirement
of a time delay device. In addition to requiring a time delay
device which may be expensive, the delay must be precise,
so as to have the phase detector properly compare its two
input signals. The realization of such a precision ime delay
is not always easily accomplished. Also, the delay should
besequal fo one-half the cycle of the nominal frequency of
the VCO. Therefore, if the nominal frequency of the VCO Is
to be changed, which may require using a different VCO in
the phase-locked loop, then a new time delay device may
be needed in view of the requirement that the delay be
equal to one-half the cycle of the nominal frequency. Still
furthermore, the arming and disarming of the phase detector
has the disadvantage of causing the phase detector to
change state between an operative or armed condition and
a non-operative or disarmed condition.

The present invention provides a fow order charge-
pump filter having a single current source, an electronically
variable bandwidth, and that is operative whether or not a
data pulse signal occurs during a given period.

According fo the invention, apparatus for generating an
analog signal comprises a charge storage device connected
across a first node and a second node, current source
means for supplying a current at a third node; switching
means, responsive to control signals, for switching the cur-
rent from the current source means o control the voltage
level at the first node and the second node; and means for
supplying the control signals.

in a prefered embodiment, the switching means in-
cludes a first switch, a second switch, a third switch and a
fourth switch. The first switch is connected from the first
node to a reference voltage, such as Vge. The second
switch is connected from the second node to the reference
voltage. The third switch is connected from the first node fo
the third node at which the current source supplies current.
The fourth switch is connected from the second node to the
third node at which the current source supplies current.

The low order charge-pump is controliable to operate
as a phase detector which is operable whether or not a
data pulse signal occurs during a bit period.

Furthermore, in one embodiment, a dynamically vari-
able current source is included so that the bandwidth of the
low order charge-pump filter can be varied dynamicaily.

In the accompanying drawings, by way of example
only: .

Figure 1 is a simplified schematic diagram of charge-pump
apparatus embodying the present invention;

Figure 2 is a block diagram of a phase-locked loop accord-
ing to the present invention;



Figure 3 is an explanatory graph;

Figure 4 is a detailed circuit diagram of apparatus embody-
ing the present invention;

Figure 5 is a logic diagram of a digital control circuit for the
embodiment of Figure 4;

Figure 6 is a timing. diagram used to explain the operation
of the circuit of Figure 5;

-

Figure 1 shows a charge-pump apparatus 10 including
a charge storage device C, such as a capacitor 11 con-
nected between a first node 12 and a second node 13.
Also included is a current source means 14 for supplying a
current | ger to a third node 15.

Also included is a switching means 16, that includes
four switches, SW,, SW,, SW; and SW, for controlling the
supply of current at the first node 12 and the second node
13. The first switch SW, is connected from the reference V
cc to the first node 12. The second switch SW, is con-
nected from the reference Vggto the second node 13. The
third switch SW., is connected from the third node 15 to the
first node 12. The fourth switch SW; is connected from the
third node 15 to the second node 13.

The differential voltage generated across the capacitor
11 is a bipolar analog signal on lines 17, the value of which
is controllable by the switching means 16. The bipolar
analog signal 17 can be supplied to a means 18, such as
amplifier 19, for generating an output error signal Sg .

The charge pump apparatus 10 is controlled by contrdl
means 30 to function in three states. The control means 30
generates control signals 31 to set the state of the switching
means 16.

In the first state, switch one SW, and switch three SW,
are closed, or alternatively switch two SW, and switch four
SW, are closed. In this first state, the error signal Sg
remains constant because no current is supplied to charge
up or down the capacitor 11. In some embodiments, it is
desirable to alternate in this first state between the condition
of SW, and SW, closed and the condition of SW, and SW,
closed to balance any charge leakage that may cccur. To
simplify the description, the first state is assumed not fo
alternate condition.

The second state, involves switch two SW, and switch
three SW; being closed, while switch one SW, and switch
four SW, are open. In this second state, the error signal Sg
will be pumped down, because current will be removing
charge from the paositive node 12 of the capacitor 11.

The third state involves switch one SW, and switch
four SW, being closed while switch two SW, and switch
three SW, are open. In this third state, the ermor signal Sg
will be pumped up because current will be withdrawing
charge from the negative node 13 of the capacitor 11.

This three state charge-pump apparatus 10 is suitable
for use in a phase-locked loop 100 as shown in Fig. 2.

The phase-locked loop 100 includes a digital phase
detector 20 as the control means 30, which generates
control signals on line 21, for controlling the charge-pump
apparatus 10. The charge-pump apparatus 10 receives the
digital control signals across line 21 to generate the error
signal Sg on line 22. The error signal is used to drive the
voltage controlled oscillator VCO 23, which generates a
reference frequency signal fvcoon line 24, which feeds back
to the phase detector 20. A data stream fp is received by
the phase detector on line 25.
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The phase detector 20 generates control signals on
line 21 in response to the difference in phase of the
reference frequency signal fygo and the data stream f p.
The control signals drive the charge-pump apparatus 10 to
generate an analog error signal Sg for driving the VCO 23,
such that the reference frequency signals fycosupplied over
line 24 will be locked in phase with the data stream fp.

Fig. 3 is used to illustrate the switching sequence of
the charge-pump apparatus 10 for use with a phase-locked
loop apparatus 100,

The reference frequency signal fycois shown as a
square wave having a period 2t, thus each half-period has
alength of &

The data stream fp is shown in three conditions. The
first condition 101 shows the data pulse signal 30 arriving
during the positive half-cycle of the frequency pulse signal
fvco and out of phase by a time x. in this first condition
101, the state of the charge-pump apparatus 10 is con-
trolled as follows. While no data pulse occurs during the
first half-cycle of the frequency pulse signal fyeo, the
charge-pump apparatus 10 remains in the first state, such
as switch one SW, and switch three SW, closed, with
switch two SW, and switch four SW, open. Thus the error
signal Sg will remain constant until the data pulse signal 30
is received. On the leading edge 31 of the data pulse signal
30, the charge-pump apparatus 10 is switched to the third
state, in which switch one SW, and switch four SW, are
closed, while switch two SW, and switch three SW,; are
open. In this third state, the error signal Sg is pumped up
for a time (t -x). At the beginning of the second half-cycle of
the frequency signal fvco, the state of the charge-pump
apparaius 10 changes to the second state, in which switch
two SW, and switch three SW,.are closed while switch one
SW, and switch four SW, are open. In this second state,
the error signal Sgis pumped down at a rate equal to the
rate which it was pumped up for the duration t of the
second half-cycle of the frequency pulse signal fyco . At the
end of the second half-cycle, the charge-pump returns to
the first state. The net result is the error signal Sg will have
been pumped down for a time x, so that the output of the..
VCO will be slowed down in order to lock on with the data
stream fp.

The second condition 102 involves a period of the
frequency pulse signal f vgo in which no data pulse is
received. In this second condition 102, the charge-pump
apparatus 10 is maintained in its first state, such as switch
one SW, and swith three SW, closed with switch two SW,
and switch four SW, are open. In this manner the error
signal S g is not changed during the period of. the frequency
pulse signals fvgo in which no data signal is received.

The third condition 103 involves a data pulse signal 40
which is received during the second half-cycle of the fre-
gquency pulse signal fyco. In this third condition 103, the
charge-pump apparatus 10 remains in its first state, such as
switch one SW, and switch three SW; closed with switch
two SW, and switch four SW, open. Thus the error signal
Seg remains constant until the leading edge of the data
puise signal 40. When the leading edge of the data pulse
signal 40 occurs during the second half-cycle of the fre-
quency pulse signal fvco, the charge-pump apparatus
switches to its third state, in which switch one SW, and
switch four SW, are closed while switch two SW, and
switch three SW, are open. This causes the error signal
Seto be charged up until the leading edge 42 of the next
cycle of the frequency signal fygg. Thus the error signal Sg
will be charged up for a time y, which equals to the amount
of time that the-data pulse signal leads the leading edge 42
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the frequency signal, and causes the VCO to speed up in
order to lock on fo the data pulse signal fp. At the leading
edge 42 of the next frequency pulse signal, the charge-
pump apparatus returns to its first state. ’

The bandwidth of the charge-pump apparatus 10 can
be varied by varying Irer supplied by the current source 14
(see Fig. 1). By varying Iger, the slope of the pump up and
pump down cycles on signal Sg can be varied. By varying
the slope of the pump up and the pump down cycles, the
responsiveness of the error signal Sg to phase errors in-
creases for a given frequency of the frequency pulse sig-
nals fvco and a given capacitance of capacitor C. Thus, for
higher frequency operation with equivalent responsiveness
in the error signal SE, the value of Iggr must be increased.

Fig. 4 shows a detailed circuit diagram of a charge-
pump apparatus 10 which is operable over a wide range of
frequencies. The particular implementation, shown in Fig. 4,
is suitable for manufacture as an integrated circuit. The
charge-pump apparatus 10 in Fig. 4 operates as a low
order charge-pump filter in a phase-locked loop that is
controlfable to receive data streams fp from magnetic
storage devices which include encoded data that may or
may not have a data pulse during a given pericd of the
reference frequency signals fugo output by the VCO. Fur-
thermare, the frequency of the data stream fp for a given
magnetic storage device may not be the same frequency as
for a different device. For instance, a floppy disk may
operate at a frequency which is about 1/16 the frequency a
hard disk in conventional disk drives. The circuit shown in
Fig. 4 is operable specifically to receive data from either a
floppy disk FL or a hard disk HD. When receiving data from
a floppy disk the apparatus of Fig. 4 has a bandwidth
suitable for the lower frequency operation; while when re-
ceiving data from the hard disk, the bandwidth of the
charge-pump apparafus- 10 in Fig. 4 is suitable for the
higher frequency operation. The sizes of the transistors,
resistors and capacitors shown in the figure are approximate
values for floppy disk and hard disk operation. Of course,
the circuit can be adapted to operate in a wide range of
applications and wide range of frequencies as needed.

The apparatus 10, shown in Fig. 4 includes the capaci-
tor 11 connected across the first node 12 and the second
node 13. First switch SW, is implemented with transistor
50, having its emitter connected to the first node 12, and its
collector connected to the reference voitage Veg. The base
of the transistor 50 receives a logic signal S1 -for confroiling
‘the state of the first switch SW.. The logic signal S1 is a
current that controls the voltage level of the base of transis-
tor 50.

The second switch SW, is implemented with transistor
51, having its emitter connected tfo the second node 13 and
its coliector connected to the reference voitage Veg . The
base of the transistor 51 is connected fo a logic signal S2
for controlling the state of the second switch SW.. The logic
signal S2 is a current for controliing the voltage level of the
base of transistor 51.

The third switch SW; is implemented with transistor 52
having its emitter connected to the third node 50 and its
collector connected to the second node 12. The base of the
transistor 52 is connected to the logic signal 83 for control-
ling the state of switch three SW.. The logic signal S3 isa
voltage that varies the level of the base of {ransistor 52.

The fourth switch SW., is implemented with transistor
53, having its emitter connected to the third node 15, and
its ‘collector connected to the second node 13. The base of
transistor 53 is connected to the logic signal S$4 for contral-
ling the state of switch four SW.. The logic signal S4 is a
voitage for controlling the level of the base of transistor 53.
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The current source means 14, in the embodiment
shown in Fig. 4, includes a first variable current source 54
and a second variable current source 55. The first variable
current source 54 and the second variable current source
§5 supply current to the third node 15. The sum of the
currents from the first variable current source 54 and the
second variable current source 55 is equal t0 Iger and
determines the bandwidth of the charge-pump apparatus 10
in Fig. 4.

A first variable current source 54 and a second vari-
able current source 55 are used in the implementation in
Fig. 4 in order to accomplish a frequency response which is
suitablg for both floppy disks and hard disks. When operat-
ing in the floppy disk mode, the second variable current
source 55 is ‘enabled, while the first variable current source
54 is disabled by floppy/hard clamp 56. Floppy/ard clamp
receives control signals FL and HD indicating the desired
state of operation of the apparatus 10. When in the floppy
mode FL, the floppy/hard clamp 56 disables the first vari-
able current source 54. However, while in the hard disk
mode HD, a higher Iggr is necessary, so that the
floppy/hard clamp S8 enables the first variable current
source 54, so that the sum of the currents from the first
variable current source 54 and the second variable current
source 55 is supplied to the third node 15.

A cumrent scaling means 57 operates o scale Ige-
gsupplied by the first variable current source 54 and the
second variable current source 55. The current scaling
means 57 receives a reference current ICO on line 58
which is set to indicate the nominal data rate of the data
stream. Thus the current ICO flows through the collector of
the pnp transistor 59, which has an emitter area 32 times -
(32X) the standard emitter area 1X for transistors in the
integrated circuit. Thus for a given emitter base voltage, the
emitter current will be approximately 32 times the current for
an equivalent emitter base voltage through a standard 1X
transistor, such as transistor 63 connected in current mirror
relationship.

The emifter follower transistors 60 and 61 operate to
provide base current for transistors 59, 62, and 63 while
minimizing drain from the current ICO.

Transistors 62 (15X) and 63 (1X) are current mirrors
of transistor 59. The emitter resistors of each transistor 59,
62 and 63 are 9.3k32, 9.3k/15 and 9.3k, respectively.
Thus the current flowing through the collector of transistor
62 will be 15/32 ICO and the current flowing through the
collector of transistor 63 will be 1/32 ICO.

Accordingly, 15/32 ICO is flowing on line 64 and 1/32
ICO is flowing on line 65. The first variable current source
54 thus receives 15/32 1CO through the collector of fransis-
tor 66 (20X). This causes 1/20 of the current on line 64 (-
(1/20){15/32)ICQ) to flow through the collector of fransistor
67 (1X) connected in current mirror relationship with transis-
tor 66, which supplies current to the third node 15.

In a similar manner, the current flowing through line 65
is caused 1o flow through the collector of transistor 68 -
{20X). This causes, through the current mirror effect, 1/20
of the cumrent on line 65 ((1/20(1/32)ICO) to flow through
the collector of fransistor 69 (1X), which feeds the third
node 15. b

Thus in the hard disk mode, with both the first variable
current source 54 and the second variable current source
85 enabled, the current flowing at the third node 15 is equal
to the sum of 1/20 (15/32 ICO) plus 1/20 (1/32 ICQ). in the
floppy disk mode, the floppy/hard clamp 56 clamps the
current from line 64 to disable the first variable current
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source 54. Thus in the floppy disk mode, the current
supplied to the third node 15 is equal to the current sup-
piied to the second variable current source 55, or 1/20 -
(1/32 1CO).

In sum, the current scaling means 57, allows the
charge-pump apparatus 10, shown in Fig. 4, to operate in a
low frequency, or floppy disk, range and a high frequency,
or hard disk, range. Furthermore, in -both the fioppy disk
range and the hard disk range, by varying the value of ICO,
precise dynamic control of the bandwidth of the charge-
pump apparatus 10 is attained.

in the embodiment shown in Fig. 4, the output is
supplied as a differential signal across lines 17+ and 17-.
The differential signal across lines 17 +, 17-is supplied by a
differential amplifier means 70, which includes. a two-stage
differential amplifier circuit.

The first differential amplifier stage includes transistor
71 and transistor 72 having their emitters coupled across a
resistor 73. Transistor 71 receives the voltage from the first
node 12 through emitter follower transistor 74. Likewise the
transistor 72 receives the voitage from the second node 13
through emitter follower transistor 75. The difference in
voltage in the first node 12 and the second node 13 is
translated into a differential current through the collector
resistors 76, 77 and the collectors of fransistor 71 and
transistor 72, respectively. A higher voltage at the first node
12, than at the second node 13 will result in a higher
current through the collector resistor 76 than through the
collector resistor 77, and visa-versa .

‘The voltage at the collector of transistor 71 from the
first differential amplifier stage is supplied through an emitter
follower transistor 78 to the transistor 79 of the second
differential amplifier stage. Similarly, the voltage at the col-
lector of the transistor 72 from the first differential amplifier
stage is supplied through an emitter foliower transistor 80 to
the transistor 81 of the second differential amplifier stage.
The emitters of transistor 79 and 81 of the second differen-
tial amplifier stage are coupled across resistor 82.

The emitters of the transistor 71 and 72 of the first
differential amplifier stage are connected to identical current
source transistors 83 and 84, which are biased to provide a
small driving current to the first differential amplifier stage.

The emitters of transistors 79 and 81 of the second
differential amplifier stage are connected through current
source transistors 85 and 86, respectively, and current
source resistors 87 and 88 respectively to ground. The
current source transistors 85 and 86 are referenced to
Vescausing a driving current to flow through the current
sources 85 and 86. Vs is a reference voltage for driving
current sources in the integrated circuit, such as for driving
ECL logic gates. ’

The charge-pump apparatus 10, shown in Fig. 4, also
includes biasing means 89, for maintaining the base of the
transistors 50 and 51 at an acceptable bias point. This
enables the apparatus to switch over small switching vol-
tages, less than an ECL voltage swing, thus minimizing feed
through to the capacitor 11. Thus a third differential am-
plifier stage, made up of transistors 90 and 91 having their
emitters coupled across resistor 82 and being driven by
current source transistors 93 and 94 respectively, is in-
cluded. The third differential ampiifier stage receives voltage
from the emitter follower transistors 78 and 80 and is
effective to generate currents through the colleciors of tran-
sistors 90 and 91 that is proportional to the difference in
voltage at the emitters of transistors 78 and 80. The higher
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the voltage at the node 12, the lower the current drawn
through the coliector transistor 90. Likewise, the lower the
voltage at the node 13, the higher the current drawn
through the collector of transistor 91.

The current from the collector of transistor 90 is sup-
plied to draw current through the resistor 95. Likewise, the
current from the collector of transistor 91 is supplied to
draw current through resistor 96. A smaller current through
transistor 95 will result in a higher bias level for the base of
transistor 50, corresponding to the higher level of the node
12. A larger current through resistor 96 results in a lower
bias level for the base of transistor 51, corresponding to the
lower bias level of the node 13. In this manner the first
switch SW, and the second switch SW, are maintained in
proper bias for switching by a logic current signal S1, S2.

In sum, the apparatus 10 shown in Fig. 4 is an
integrated circuit comprising a low order charge-pump
phase detector suitable for use in phase-locked loop ap-
paratus. in the preferred implementation, the differential
current supplied across line 17+, 17-is summed with the
output of a high order charge-pump phase detector to
provide a preferred response for the phase-locked loop.
One suitable high order phase detector and filter is de-
scribed in the related U.S. patent application entited IM-
PROVED PHASE DETECTOR ‘AND PHASE-LOCKED
LOOP APPARATUS, filed in conjunction herewith, invented
by Neil R. Adams, and owned by an assignee in common
with the present application. The IMPROVED PHASE DE-
TECTOR AND PHASE-LOCKED LOOP APPARATUS ap-
plication is incorporated by reference as if fully set forth
herein.

Fig. 5 shows a logic circuit 100 used as control means
30 for generating the control signals S1, 82, S3, and S4 for
controlling the charge pump apparatus shown in Fig. 4. The
control signals 81, $2, 83, and S4 are generated in re-
sponse to the difference in phase between a reference
frequency signal fvgo and a data stream fp. In addition to
fvco and fp , the control means 30 also receives the
complement 'Fvco.

The control means 30 includes a first AND gate 101
which supplies an output A on line 102. Also, the first AND
gate 101 supplies the complement of A, designated B, on
line 103. The first AND gate 101 receives as input the
reference frequency signal fygo and a reference voltage
corresponding to a "1", such as Vge.

Also included is a second AND gate 102 receiving the
data stream fp and a constant "1" as inputs and generating
signal C as output on line 104.

A third AND gate 105 receives the complement of the
reference frequency vco as input and the positive
output H from the flip-flop 106 which is described below
across line 107. The third AND gate 105 generates an
output signal D across line 108.

A fourth AND gate 109 receives as input across line
110 the output G of a flip-flop 111 (described below) and
across line 112 the negative output | from the flip-flop 106.
The fourth AND gate 109 generates the signal E across
line 115.

A fith AND gate 113 receives the signal G across line
110 output by the flip-flop 111 and the reference frequency

- signal fvgp as input. The fifth AND gate 113 generates a

signal F across line 114.

The flip-flop 111 is clocked by the signal D from the
third AND gate 105 across line 108. The fiip-flep 111 is
reset by the signal E from the fourth AND gate 109 across
fine 115. The D input to the flip-flop 111 is set at a constant
high value so that each time the signal D goes from low to
high, the output signal G on line 110 is set to a high value.
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The flip-flop 106 receives as its D input the signal A
across line 102. The flip-flop 106 is clocked by the signal C
across line 104. The flip-flop 106 is reset by the signal F
across line 114. The flip-flop 106 generates the signal H
across line 107 and its complement | across line 112.

The logic circuit 100 includes a delay means 116
which receives the signal A across line 102 and generates
a signal J on line 117 which is equal to A but delayed
slightly so that the signal is synchronized with the output of
the flip-flops 111, 106 and, as next described, 118.

The fiip-flop 118 receives as its D input the signal B
over line 103, is clocked by the signal C over line 104, and
is reset by the signal A over line 102. The flip-flop 118
generates the signal K over line 121.

The signals H and J across lines 107 and 117, re-
spectively, are received by a first exclusive OR gate 119
which generaies an output signal L across line 120. Like-
wise, the signals J and K across lines 117 and 121,
respectively, are received by a second exclusive OR gate
122 which generates an output signal M across line 123.

The output signal L across line 120 is received by an
output signal driving circuit 124 which comprises a current
switch which supplies a current S1 on line 125 and S2 on
line 126. When the logic signal L swings high, the current
S1 on line 125 swings low, which causes the first switch
SW, to tum on, as can be seen with reference to Fig. 4.
Likewise, the signal S2 is provided as the complement of
S1, causing the switch SW. to tum off.

The signal M across line 123 is supplied t¢ an output
voltage driving circuit 127 which generates a voitage signal
83 across line 128 and a voltage signal S4 across line
129. When the level of the signal M swings high, the signal
-83 swings high causing the switch SW; to tum on. Con-
versely, the signal S4 is the complement of S3, so the
switch SW; tumns off.

The operation of the logic circuit 100 of Fig. 5 is
explained with reference to the timing diagram of Fig. 6. In
the timing diagram of Fig. 6, the short defays occasioned by
the components of the logic circuit 100 are ignored for the
purpase of simplicity.

Fig. 6 shows the reference frequency signal fyco as a
square wave 200. Also, the data stream fp is shown on line
201. The reference frequency fvgo and the data signal fp in
Fig. 6 illustrate the three conditions of the digital phase
detector. The first conditicn 202 shows a data pulse signal
occurring during the first half-cycle of the reference fre-
quency signal fugg. The second condition 203 shows no
data pulse signal during an entire period of the reference
frequency signal fvgg. The third condition 204 shows a data
pulse signal occurring during the second half-cycle of a
period of the reference frequency signal fvco.

The signal A on line 102 is high during the positive
half-cycle of the reference frequency signal fvgo and low
during the negative haif-cycle as shown at line 205.

The signal B is a complement of the signal A as

shown at line 206. ) :
) The signal C as shown at line 207 is high only during
& data pulse and low for the rest of the time.

The signal D shown at line 208 goes high only during
the second half-cycle of the reference frequency signal fvco
when a data pulse signal occurs during the first half-cycle of

the given period. This is accomplished by the logic circuit -

100 by making the signal D responsive to the ouiput H of
the flip-flop 106 shown on line 209. Since the flip-flop 106
is receiving the signal A at its D input on line 102 that is
high during the first half-cycle of the reference frequency
signal fyco, and because the data pulse signal clocks the
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flip-flop 106, the output H on line 107 of the fiip-flop 106
will go high on the leading edge of the data pulse signal
received during the first half-cycle of the reference fre-
quency signal fyco.

When the signal D goes high, the flip-flop 111 Is
clocked across line 108 causing the output signal G on line
110 shown at 210 to go high.

The signal E goes high only when the signal G on fine
110 and the signal | on line 112 are high. The signal [
shown at 211 is a complement of the signal H and thus
remains low until the flip-flop 106 is reset When the signal
E goes high as shown at 212, the flip-flop 111 is reset
causing the signal G to go low.

Signal F resets the flip-flop 106 when the signal G is
high during the first half-cycle of the reference frequency
signal fygo. The signal F is shown at 213 in Fig. 6. Thus
the signal F remains high only long enough to reset the flip-
flop 111 driving G low and then F low.

As explained above, the signal J on line 117 equals
the signal A across line 102 except delayed by the delay
means 116 so that it is in ime with the output of the flip-
flops. Signal J is shown at 214 in Fig. 6..

The signal K is operable to be high only after a data
pulse signal-is received during the negative half-cycle of a
reference frequency signal yntil the end of the second half-
cycle. Signal K is shown at 215 in Fig. 6. The D input on
line 103 of the flip-flop 118 is the B signal that is high only
during the second half-cycle of the reference frequency
signal fycg. The flip-flop 118 is clocked by the data pulse
signal across line 104 and reset by the signal A across line
102.

The signal L is high only when the signals H and J are
different and low when they are the same. Thus the signal
L for the first condition 202, in which the data pulse signal
is received during the first half-cycle of the reference fre-
quency signal fyco, is high until the leading edge of the data
pulse signal, at which time the signal H goes high while the
signal J remains high. This causes the signal L to go low
until the beginning of the second half-cycle of the reference
frequency signal fvgo . At this time while the signal H
remains high, the signal J swings low causing the signal L
to go high until the end of the period. During the second
condition 203 in which no data pulse signal is received
during the period of the reference frequency signal fvgo, the
signal L remains high during the first haff-cycle of the
reference frequency signal and then swings low during the
second half-cycle of the reference frequency signal. This is”
so because the signal H remains low throughout the period
while the signal J is high during the first-cycle and low
during the second half-cycle.

In the third condition 204, a data pulse signal is re-
ceived during the second half-cycle of a given period of the
reference frequency signal fvop- In this condition the signal
L. remains high during the first half-cycle and then swings
low during the second half-cycle 6f the reference frequency
signal fvco and returns high at the end of the second half-
cycle. Signal L is shown at 216 in Fig. 6.

The signal M shown at 217 in Fig. 6 is high only when
the signals J and K are different and low only when the
signals J and K are the same. Thus the signal M, during
condition 202 in which a data pulse signal is received
during the first haif-cycle of the reference frequency signal
fvco, remains high during the first half-cycle and then
swings low during the second half-cycle of the reference
frequency signal. When no data pulse signal in conditioin
203 is received during a given period of the reference
frequency signal fygo, the signal M fikewise remains high
during the first half-cycle and swings low during the second
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half-cycle. During the conditiion 204 in which a data pulse
signal is received during the second half-cycle of the refer-
ence frequency signal fvco, the signal M remains high
during the first half-cycle and swings low at the beginning of
the second half-cycle of the reference frequency signal
fvco. However, when the leading edge of the data pulse
signal occurs, the signal M swings high and remains high
until the end of the period.

Thus the signals L and M on lines 120 and 123 define
the state of the switches SW,, SW,, SW; and SW, so that
the switching means 16 is controlled to be in the first state,
the second state, or the third state as shown in Fig. 3. As
mentioned above, it is desirable in some embodiments that
while in the first state, the switching means alternates
between the condition of having SW, and SW, closed while
SW, and SW, are open to a condition of having SW, and
SW, closed while SW, and SW, are open. The logic circuit
100 shown in Fig. 5 accomplishes this.

Thus the first state occurs when both L and M are high
or when both L and M are low. When both L and M are
high, SW, and SW; are closed or turned on while SW, and
SW, are turned off. When both L amd M are low, SW, and
SW, are turned on while SW, and SW, are turned off.

The second state occurs when L is high and M is low.
This causes SW, and SW; to turn on while switches SW,
and SW, turn off.

The third state occurs when L is low and M is high.
This causes switches SW, and SW, to turn on while
switches SW, and SW, turn off. Thus it can be seen that
the signals L and M shown in Fig. 6 will generate the state
sequence shown in Fig. 3.

The above circuits provide a low order charge-pump
filter which operates with a current source means supplying
current at a single node, thereby eliminating the need for
current source matching of the prior art. Furthermore, the
charge-pump filter 10 is operable over a wide range of
frequencies by varying the reference current iger in accor-
dance with the desired data rate. In addition, when operable
as a phase detector, the presence or absence of data
pulses during a given bit-period is accounted for without the
problems of prior art phase detectors.

The foregoing description of a preferred embodiment of
the invention has been presented for the purposes of il-
lustration and description. It is not intended to be exhaustive
or to limit the invention to the precise form disclosed, and
obviously many modifications and variations are possible in
light of the above teaching. The phase-locked jodp embodi-

- ment was chosen and described in order to best explain the

principles of the invention and its practical application to
thereby enable others skilled in the art to best utilized the
invention in various embodiments and with various modifica-
tions, as are suited to the particular use contemplated. It is
intended that the scope of the invention be defined by the
claims appended hereto.

Claims

1. A charge~-pump apparatus for generating an output signal
indicating a difference between a first signal and a second
signal, comprising:

charge storage means connected across a first node and a
second node for storing charge; current source means for
supplying a current at a third nods;

switching means, responsive to control signals, for control-
ling the supply of current at said first node and said second
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node from said third node; and

control means for generating said control signals in re-
sponse to the first signal and the second signal.

2. The apparatus of Claim 1, wherein said current source .
means includes:

current scaling means for varying the current supplied by
said current source means in response to a current control
signal.

3. The apparatus of Claim 1, further including:
means for generating an output signal indicating the dif-
ference in voltage between said first node and said second

node.

4. The apparatus of Claim 3, wherein said means for
generating an output signal includes:

.differential amplifier means for generating a differential sig-

nal proportional to the voltage across said first node and
said second node.

5. The apparatus of Claim 1, wherein said control means
comprises:

a digital phase detector means for generating said control
signals in response to the difference in phase between said
first signal and said second signal.

6. The apparatus of Claim 1, wherein said current source
means comprises:

a first variable current source and a second variable current
source, operable in conjunction to provide first current for a

- first frequency range of operation or a second current for a

second frequency range of operation.

7. The apparatus of Claim 8, wherein said current source
means further includes:

current scaling means for varying the first current and the
second current supplied by said first variable current source
and said second variable current source, respectively, in
response to a current control signal; and

clamp means for clamping at least one of said first variable
current source and said second variable current source on
or off for controlling the frequency range of operation for the
apparatus.

8. The apparatus of Claim 1, wherein said switching means
includes:

a first switch connected from the first node to a reference
voltage, a second switch connected from the second node
to the reference voltage, a third switch connected from the
first node to the third node, and a fourth switch connected
from the second node to the third node.

9. The apparatus of Claim 1, wherein:

said switching means is operable in at least a first state, a
second state, and a third state;

said first state for maintaining the charge in said charge



13 0 195 500 14

storage means substantially constant;

said second state for pumping down the charge in said
charge storage means; and

said third state for pumping up the charge in said charge
storage means.

10. A phase detector apparatus for generating a phase
error signal indicating a difference in phase beiween a
frequency signal and a data signal, comprising:

charge storage means connected across a first node and a
second node for storing charge;

current source means for supplying a current at a third
node;

switching means, responsive to control signals and intercon-
necting said first node and said third node and interconnec-
ting said second node and said third node, for controlling
the supply of current at said first and said second node; and

confrol means for generating said control signals in re-
sponse to the frequency signal and the data signal.

11. The apparatus of Claim 10, wherein the data signal has
a nominal data rate and said current source means in-
cludes:

current scaling means for varying the current supplied at the
third node in résponse to the nominal data rate of the data
signal.

12. The apparatus of Claim 10, further including:

means for generating an output signal indicating the dif-
ference in voltage between said first node and said second
node.

13. The apparatus of Claim 12, wherein said means for
generating an output signal includes:

differential amplifier means for generating a differential sig-
nal proportional to the difference in voltage between said
first node and second node.

14. The apparatus of Claim 10, wherein said control means
comprises:

a digital phase detector means for generating said control
signals in response to the difference in phase of said
frequency signal and said data signal.

15. The apparatus of Claim 10, wherein said current source
means comprises:

a first variable current source and a second variable current
source, operable in conjunction to provide a first current for
a first frequency range of operation and a second current
fora second- frequency range of operation.

16. The apparatus of Claim 15, wherein said current source
means further includes:

current scaling means for varying the first current and the
second current supplied by said first variable current source
and said second variable current source, respectively, in
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response to a current control signal; and

clamp means for clamping at least one of said first variable
current source and said second variable current source on
or off for controlling the frequency range of operation for the
apparatus.

17. The apparatus of Claim 10, wherein said switching
means includes:

a first switch connected from the first node to a reference
voltage, a second switch connected from the second node
to the reference voltage, a third switch connected from the
first node to the third node, and a fourth switch connected
from the second node to the third node.

- 18. The apparatus of Claim 10, wherein:

said switching means is operable in at least a first state, a
second state, and a third state;

said first state for maintaining the charge in said charge
storage means substantially constant;

said second state for pumping down the charge in said
charge storage means; and

said third state for pumping up the charge in said charge
storage means.

19. The apparatus of Claim 18, wherein the frequency
signal is periodic having periods with a first half and a
second half and the data signal is a data stream that may
or may not include a data pulse in a given period of the
frequency signal.

20. The apparatus of Claim 19, wherein:

said control means switches said swiiching means fo said
first state if no data pulse is received during a given period;

said confrol means switches said switching means to said
third state when a data pulse is received during the first half
of a given period, then to said second state for the second
half of the given period until the beginning of a next period;
and i

said control means switches said switching means to said
third state when a data pulse is received during the second
haif of a given period until the beginning of the next period.

21. An integrated circuit generating an analog phase error
signal in response to digital control signals, the digital con-
frol signals indicating the difference in phase between a
frequency signal and a data signal having a nominal data
rate, comprising:

charge storage means connected across a first node and a
second node for storing charge;

current source means for supplying a current at a third
node, including

current scaling means for varying the current supplied in
response to the nominal data rate of the data signal;

switching means, responsive to the digital control signals
and interconnecting the first node and the third node and
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interconnecting the second node and the third node, for
controlling the supply of current at said first node and said
second node in three states, the three states including

a first state in which the charge in said charge storage
means is maintained substantially constant;

a second state in which the charge in said charge storage
means is pumped down; and

a third state in which the charge in said charge storage
means is pumped up.

22. The apparatus of Claim 21, further including:

means for generating the analog phase error signal in
response to the difference in voltage between said first
node and said second node.

23. The apparatus of Claim 22, wherein said means for
generating the analog phase error signal includes:

differential amplifier means for generating a differential cur-
rent signal proportional to the voltage between said first
node and said second node.

24, The apparatys of Claim 21, wherein said current source
means comprises:

a first variable current source and a second variable current
source operable in conjunction to provide a first current for
a first frequency range of operation or a second current for
a second frequency range of operation.

25. The apparatus of Claim 24, wherein said current scaling
means inciudes:

means for varying the first current and the second current
supplied by said first variable current source and said
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second variable current source, respectively, in response to
a current control signal; and

clamp means for clamping at least one of said first variable
current source and said second variable current source on
or off for controlling the frequency range of operation for the
apparatus. .

26. The apparatus of Claim 21 wherein said switching
means includes:

a first switch connected from the first node to a reference
voltage, a second switch connected from the second node
to the reference voltage, a third switch connected from the
first node to the third node, and a fourth switch connected
from the second node to-the third node.

27. The apparatus of Claim 21, wherein the frequency
signal is periodic having periods with a first half and a
second half and the data signal is a data stream that may
or may not include a data pulse in a given period of the
frequency signal.

28. The apparatus of Claim 27, wherein:

said control means switches said switching means to said
first state if no data pulse is received during a given period;

said control means switches said switching means to said
third state when a data pulse is received during the first half
of a given period, then to said second state for the second
half of the given period until thé beginning of a next period;
and

said control means switches said switching means to _said
third state when a data pulse is received during the second
half of a given period until the beginning of a next period.



0 195 500

16 - }—» Se
. 19
31 aw, 2 K
A W,
i 0
{l—_}CTL : \'L\o 5 '}Ce o~ 13 <
LT . — I
lon- } }
oW
37 A -
5
Leer
fvco %
| - 4 |eranse QTL veo
£ b OeT | S PUMP | sc
P 2 ~ ~73
5 A L20 A (\O
30 \0O

FIG.2



0 195 500

103

102

101

_ + Mm v|lO0|Uu|O @
SRR I N S
" > vjo|o|u|@®
R
Al | 0|V 0|
~J
<«
Jloju |0 @
3
llllllllll —
VA_
+ . -..“ 0 ,c vio|@
M . _ e T T T T
9 J
- = UNE 019|v|®
> Mulo]ulol(
: SR
y w = W = g

OPEN )

CLOSED, O

(c

FIG. 3



0 195 500

: : T ENGE : ! |
= : el = _
ﬂ G 58 S8y | !
SS - /w ..\/_n /u \% | (9. x VS . dWVYD aH
wo/wl ﬁ‘d\w e ) IL M v 1 o9 aH/ 4 —J
© Q/} ) A g
, pM, N .M_AW ! waﬁ “Pm% Omm tms ' 7 0 \wm
.Tﬂ €S A T m;m L8 B9
.«3mliav
MS VS o9 mm\. —{cos S
.ow Bl e )l
m w (s LL{ . Am_m
H . X 2/ “_ .
W oL e %
|E,. ] w | |
6 N~ ) 7 : SC
UU>AW




0 195 500

QN,.V

[2S)

STl
(

< I\.
i \..m\O, ol H: —
2
Al
o St
/
3 d
AR GOV
= [ Ksle]l NO:
I 7 \hl g
50| ol | Q
Gwo,o | (So\
™ No_\ [ Ol f«o,
am 595
Sii , W/[ﬁ II....L w _
4 €Ol * wol
<- ! Q
wu d -..ll:_s , :— "



0 195 500

| 204
202 N 203 N /

fvco l | : | l 2;’0

| . 201
-FD—J_ <

205
A 5
& 206
B
207
cJ L &
o . V g - P'e 209
b ——1 L
Pl 21
E
o213
F
g 210
G
P 209
l: ~ — 21
P 214
T ]
' 215
K 216
L 5
_'—‘ \ e VAV
" |

FIG.6



	bibliography
	description
	claims
	drawings

